The efficacy of bortezomib monotherapy in desensitizing kidney transplant candidates with preformed donor-specific antibodies remains unclear. We evaluated the effect of bortezomib on preformed antibodies and upstream components of the B cell response in a primate model sensitized by fully mismatched allogeneic skin transplants to provide mechanistic insights regarding the use of bortezomib as a means of desensitization. Bortezomib treatment given intravenously twice weekly for 1 month (1.3 mg/m 2 per dose) clearly reduced the numbers of antibody-producing cells and CD38 + CD19 + CD20 2 plasma cells in the bone marrow (P,0.05), but donorspecific alloantibody levels did not decrease. We observed a rapid but transient induction of circulating IgG + B cells and an increased number of proliferating B cells in the lymph nodes after 1 month of treatment. Notably, bortezomib treatment induced germinal center B cell and follicular helper T cell expansion in the lymph nodes. These data suggest that bortezomib-induced plasma cell depletion triggers humoral compensation.
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+ CD19 + CD20 2 plasma cells in the bone marrow (P,0.05), but donorspecific alloantibody levels did not decrease. We observed a rapid but transient induction of circulating IgG + B cells and an increased number of proliferating B cells in the lymph nodes after 1 month of treatment. Notably, bortezomib treatment induced germinal center B cell and follicular helper T cell expansion in the lymph nodes. These data suggest that bortezomib-induced plasma cell depletion triggers humoral compensation. Preformed donor-specific antibody (DSA) is not only a barrier to successful allocation of solid organ and bone marrow transplants but also, a major limitation for long-term graft survival. 1 Widely accepted desensitization protocols include plasmapheresis (removal of Ig), IVIg (neutralizing donor-reactive Igs), and B cell depletion with rituximab. These approaches have been effective in facilitating crossmatch-positive living donor renal transplantation, thereby reducing the mortality of sensitized patients compared with similar patients who remain on dialysis. 2, 3 Despite these efforts, sensitized patients with a positive crossmatch have higher rates of posttransplant antibody-mediated rejection compared with negative crossmatch counterparts. 4 In this regard, none of the currently used treatments achieve long-term, stable desensitization. 5 It has been hypothesized that plasma cells (PCs), which are not targeted by current methods of desensitization, contribute to rebound humoral responses. Bortezomib, a proteasome inhibitor, has been approved for treatment of multiple myeloma, a malignant PC disorder. 6 Proteasome inhibition induces apoptosis of PCs. 7, 8 Its effectiveness in treating antibody-related diseases, such as chronic graft-versus-host disease and lupus-like autoimmune disease, has been documented in murine models and clinical settings. It has also been shown that normal human bone marrow-derived PCs are susceptible to bortezomib in vitro. 9 Furthermore, bortezomib monotherapy in highly sensitized patients depletes DSA-producing cells, 10 leading to application of bortezomib as a strategy to reduce alloantibody levels in patients awaiting a kidney transplant. Despite promising murine data, the efficacy of bortezomib to desensitize transplant candidates before transplantation is not convincing, 2, [11] [12] [13] [14] [15] [16] and mechanistic studies of bortezomib in humans are naturally limited due to difficulties in sampling lymphoid compartments. In a primate model, we show that bortezomib reduces PCs in bone marrow but shows limited effect on alloantibody due to rapid humoral compensation via a robust germinal center (GC) response.
The effect of bortezomib on desensitization in a large animal model 17 was assessed in four rhesus macaques sensitized by fully mismatched allogeneic skin transplants. As shown in Figure Figure 1A, the allograft ( Figure 1A , right panel) was fully rejected by post-transplant day 14, whereas the autograft was fully embedded without signs of rejection ( Figure 1A Figure 1D ), suggesting reduction of long-lived PCs after treatment. More importantly, we observed a reduction in the frequency of IgGsecreting antibody secreting cells (ASCs) in bone marrow post-treatment ( Figure  1E ). We concluded that bortezomib treatment in sensitized rhesus monkeys results in significant reduction of bone marrow PCs.
In a recent clinical trial, a bortezomibbased desensitization induced long-term DSA reduction. 20 However, it is hard to identify the effect of bortezomib, because the regimen includes IVIg, rituximab, and plasmaphoresis, which are known to reduce DSA as well. Countering this, Stegall and colleagues 21 reported only a modest reduction of HLA antibody with no significant change in cPRA or flow crossmatch, despite prolonged bortezomib treatment. However, it should be considered that the lack of antibody titers and the small size of the sample number might preclude the ability to detect a significant change. To assess the level of desensitization with bortezomib, circulating DSA was measured in serum by flow crossmatch. It is believed that the half-life of circulating IgG in NHP is typically around 3-4 weeks. 22 Despite a reduction in ASC frequency after 4 weeks of bortezomib treatment, DSA levels did not significantly decrease in this timeframe, even when followed up to 8 weeks ( Figure  2A) . It is still possible that the clinical dose of bortezomib (1.33 mg/m 2 ) is inadequate for nonhuman primates. However, the current dosing strategy clearly reduced PCs and ASCs from BM ( Figure  1) . Again, suboptimal dose of bortezomib might spare some PCs in LNs and spleen, while effectively reducing those in the BM. Higher doses of bortezomib could induce stable DSA reduction; however, our use of bortezomib had a very narrow safety window: high-dose use of bortezomib (0.33 mg/kg) induced acute cardiopulmonary complications in rhesus macaque (data not shown). The second generation of proteasome inhibitor, carfilzomib, might be more attractive, because it is mechanistically irreversible. 23 Nevertheless, we observed a transient increase in isotype-switched circulating IgG + B cells 7 days after bortezomib treatment ( Figure 2B ), which may be due to either a rapid homeostatic repopulation of memory B cells or a T cell-dependent GC-driven clonal B cell expansion. To evaluate the level of memory B cell induction, IgD Because the induction of IgG B cell proliferation may have occurred by both homeostatic repopulation and GC responses, we tested the level of BCL-6 + B cells in the lymph nodes (transcription factor Bcl-6 is increased selectively in GC B cells). Interestingly, we did observe a significant increase in Bcl-6 + B cells in the lymph nodes after bortezomib treatment ( Figure 2D ). Taken together, the results of Ki67 staining and BCL-6 + B cells suggest a clonal B cell expansion by somatic hypermutation in the GC after bortezomib treatment. To confirm this observation of GC activation by bortezomib, we evaluated the follicular helper T (Tfh) cells. We observed the induction of GC-related Tfh cells (CXCR5 + PD-1 hi ICOS + CD4 + T cells in the LN) after bortezomib treatment ( Figure 2E) . Finally, we confirmed in situ induction of GC (CD20/Ki67/CD3) response after bortezomib treatment through immunohistochemistry ( Figure 2F) .
Increased GC response after bortezomib treatment is presumably a compensatory mechanism to replace PCs depleted by bortezomib treatment and may represent a PC depletion-specific response rather than simple homeostatic repopulation. At present, the mediator responsible for this mechanism is unknown. We initially hypothesized that unconsumed IL-6 as a result of PC depletion might affect the differentiation of Tfh cells, because IL-6 is a survival mediator for PCs, while a great mediator for Tfh cell differentiation. However, we were unable to identify changes in systemic levels of IL-6 after bortezomib treatment (data not shown). Similarly, we also observed no change in serum IL-21 levels, which also have potential to be affective on Tfh cell. The lack of systemic changes of IL-6 or IL-21 does not rule out the possibility of changes in the local milieu. It may be useful to evaluate in situ expression of these cytokines, and others could mediate the response. Interestingly, serum BAFF level was significantly increased after bortezomib treatment ( Figure 2G ). These data suggest that BAFF is a potential mediator for this PC depletion-mediated humoral compensation. An alternative explanation for our observations might be that bortezomib-induced PC reduction abolishes the usual PC feedback inhibition of Tfh cells. 24 More recently, BAFF is believed to be involved in antigenexperienced B cell survival/differentiation, whereas it used to be known to control immature B cell survival. 25 The hypothesis would be that rapid PC depletion (or plasmablast) would increase intra-GC BAFF level, and this unconsumed BAFF promotes GC B cells and Tfh cells. In this study, unlike IL-6, serum BAFF level was significantly elevated after bortezomib treatment ( Figure 2G ). Therefore, targeting BAFF with proteasome inhibitor with anti-BAFF agents (i.e., atacicept, blimumab, or tabalumab) is a logical step to follow in testing this theory.
On the basis of the effect of bortezomib on PC and in vivo compensation, we suggest that bortezomib should not be used alone for desensitization, because bortezomib depletion of PCs will lead to a compensatory response, which is likely to be deleterious to an allograft. 26 We suggest that desensitization regimens incorporating the unique effect of bortezomib should be designed on the basis of its mechanistic effects and limitations and that adjuvant B cell depletion, blocking of GC initiation, or strategies to prevent GC compensation should be considered.
CONCISE METHODS
Male rhesus macaques (Macaca mulatta) were housed in Yerkes National Primate Research Center (Atlanta, GA). All experiments were in compliance with the Emory Institutional Animal Care and Use Committee. Full thickness abdominal skin (approximately 1-in diameter) was transplanted to the dorsal area of the recipient. DSAs in serum were assessed by flow cytometric crossmatch as previously described. 17, 27, 28 Cells from spleen, lymph nodes, bone marrow, and blood were processed and stained with fluorochrome-conjugated antibodies as discussed in Supplemental Material. Cytometric analysis was performed using an LSRII and analyzed with FlowJo software. Total IgG secreting ASCs were visualized with ELISPOT from bone marrow cells, and serum IL-6, IL-21, and BAFF were measured by ELISA. A paired t test was used. A P value ,0.05 was considered to be statistically significant.
